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Abstract 
In this study we investigate, using a two dimensional simulation tool, the characteristics of the metal-Si emitter interface of 
screen printed and firing through contacts. In the model we assumed that the metal contact to n+ or p+ emitters is either Ohmic or 
Schottky and the dominant current conduction mechanism flow is directly through Ag-crystallite. The simulation results were 
then compared with the experimental data for the contact resistance (ρc) and fill factor (FF) of p-type cells with an n+ 
phosphorous diffused emitter and n-type cells with a p+ boron diffused emitter. The emitters of p-type and n-type cells were 
metalized using an Ag paste or, in case of p+ doped emitters, by an AgAl paste. From the modeling of Si-emitters contacted by a 
screen printed Ag paste, a Schottky contact, assuming literature value for Ag work function, agrees with the experimental IV data 
for n+ emitters, but does not agree for the p+ emitters. Assuming only a Schottky contact at metal-p+ emitter interface, the model 
fails to estimate simultaneously VOC and FF of the cells contacted by an Ag paste. Thus, the current transport mechanism at Ag-
p+ emitter interface may not be dominated by direct metal-Si contact through Ag-crystallites imprints but, possibly, by tunneling 
through a thin interface glass layer that resulted (  in this case) in high contact resistance as observed experimentally. Therefore 
modeling Ag-p+ emitter interface using an Ohmic contact with a high contact resistance agrees better with the experimental IV 
data. 
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1. Introduction 
In the PV industry 85-90 % of the modules are currently manufactured using crystalline silicon (c-Si) cells. The 
industry widely uses screen printing and firing through process technique for contact formation due to its simple, 
robust and high wafer throughput characteristics [1, 2]. Current state of the art metallization technique to contact n+ 
emitters of the p-type cells uses a screen printed Ag paste whereas the p+ emitters (in n-type cells) are contacted by 
screen printing an Al containing Ag paste. The Al addition to an Ag paste is needed in order to achieve low contact 
resistance to p+ emitters. However the role of Al in contact formation is not fully understood, but its presence seems 
to significantly increase contact recombination losses [3]. 
Presently two main current conduction mechanism models have been proposed in literature: an “Ag-crystallites” 
model [4-7] and “nano-Ag colloids assisted tunneling” model [8]. In the former model, after the firing process, few 
Ag crystallites are grown into the Si emitters. These Ag-crystallites would either be in direct contact with the Ag-
bulk or in indirect contact wherein the Ag-crystallite and the Ag bulk electrode are separated by a thin glass region 
between them. The model proposes that the majority of the current conduction occurs through the few grown direct 
Ag crystallites.  In the later model the authors propose a nano-Ag colloids assisted tunneling mechanism is 
responsible for the majority of the current extraction. 
In this study we used a two-dimensional simulation tool to investigate the characteristics of metal-Si emitter 
interface of screen printing and firing through contacts. In the model we assumed that the metal contact to n+ or p+ 
emitters is either Ohmic or Schottky. The simulation results were then compared with the experimental data for the 
contact resistance (ρc) and fill factor (FF) of p-type cells with an n+ phosphorous diffused emitter and n-type cells 
with a p+ boron diffused emitter. The emitters of p-type and n-type cells were metalized using an Ag paste or, in case 
of p+ doped emitters, by an AgAl paste. 
2. Experiment 
2.1. Cells and characterization 
Standard Al-BSF p-type cells with a 65 Ω/sq n+ (phosphorous) emitter were fabricated on 6-inch Cz wafers.  The 
cells were screen printed and fired for contact formation with a commercial Ag paste on the front (emitter) side and 
a full Al on the rear side, which forms the BSF after the firing process. Several n-type cells diffused with a 68 Ω/sq 
p+ (boron) front side emitter and an n+ BSF (55 Ω/sq) on the rear were also fabricated on 6 inch Cz wafers. The non-
metalized n-type cells were split into two groups. In the first group the cells were screen printed with the same  
commercial Ag paste, as used for n+ emitters, on the front and rear side, thus also on the p+ emitter side. In the 
second group the p+ emitter was printed with a commercial AgAl paste, used as state of the art for this cell type, 
while using an Ag paste for n+ BSF on the rear side. 
Figure 1 shows the current-voltage (I-V) measurements of the experimentally processed p-type and n-type cells 
with different emitter contacting paste. Apart for the difference in short-circuit current (JSC), the n-type cells, which 
have the p+ emitter printed with an Ag paste, show a significant lower FF compared to the group with the same p+ 
emitter but printed with an AgAl paste. However, the pseudo-FF (pFF) measurements, shown in Table I, of p-type 
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Fig. 1: I-V measurements of the experimental processed cells. 
 
Table 1 shows the averaged experimental values for ρc, FF, and pseudo-FF (pFF) obtained on the investigated 
cells. In addition, Table I also shows the estimated absolute FF values assuming only the losses due to ρc (FFcontact) 
as well as the net loss in FF due to ρc (i.e., pFF-FFcontact). A two-dimensional simulation tool was used to get more 
insights into a possible mechanism preventing a good contact formation on p+ emitters with screen printing and 
firing through Ag paste. 
Indeed the ρc measurements obtained using the TLM method clearly demonstrate that using a pure Ag paste to 
contact a p+ emitter does not yield in a low contact resistance even after firing optimization (ρc > 100 mΩcm2 ). 
Adding a tiny amount of Al in an Ag paste the contact resistance on p+ emitter decreases significantly and the FF 
losses are reduced. However an AgAl firing through paste has been shown to degrade the metal-Si emitter interface 
to larger extends and yields a higher recombination current density under the contact than an Ag paste [3]. 















n+ (65 Ω/□) Ag-paste 1-3 80.03 82.88 83.28 0.4 
p+ (68 Ω/□) Ag-paste 100 64.62 66.58 82.78 16.2 
p+ (68 Ω/□) AgAl paste 3-4 78.40 82.46 82.96 0.5 
3. Modelling 
3.1. Simulation unit cell structure 
SILVACO ATLAS [12], a two-dimensional device simulator tool, was used for the numerical modeling 
presented in this study. The simulated unit cell which is the minimum repeating representative of the experimental 
structure is shown in figure 2. The simulated unit cell has the experimental parameters viz. the base resistivity and 





110   Lejo J. Koduvelikulathu et al. /  Energy Procedia  55 ( 2014 )  107 – 114 
Bp gE q    
Fig. 2. Unit cell structure of p-type and n-type cell used in the simulation 
 
The model also incorporates the experimental observations of micro-structural details at the metal-Si interface [9] 
and assumes a current conduction model through “Ag-crystallite”, i.e. the majority of the current transport assumed 
to flow directly through the Ag-crystallites. The model assumes the metal-Si emitter interface to be a Schottky 
contact or an Ohmic contact. A Schottky contact at Ag-Si emitter interface is modeled using the work function of 
Ag as a parameter to adjust the barrier height (ϕB), whereas an Ohmic contact was modeled using the experimentally 
measured contact resistance at the Ag-Si interface. The Schottky contact model also accounts for the field dependent 
barrier-lowering caused by image forces and possible static dipole layers at the metal-semiconductor interface [10]. 
Work function measurements on single crystal Ag surface and its sensitivity to surface contaminations have been 
studied in [11]. Their work estimated a work function of 4.46 + 0.02 eV on (111) pure Ag surface. This value has 
been used as the work function value of Ag in the simulations presented in this paper for a Schottky contact at Ag-Si 
emitter interface. The relationship between work-function (φ), barrier height (ϕB) and electron affinity (χ) of the 
semiconductor material is defined by equation 1. The barrier height that Ag work function forms at n-type (ϕBn) and 
p-type (ϕBp) semi-conductor surface is defined by equations 2 and 3. 
 
B                                                       (1) 
 
Bn                                                       (2) 
 
                          (3) 
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Table 2 summarizes the theoretically calculated barrier heights for p+ (ϕBp) and n+ emitters (ϕBn) based on the Ag 
work-function (φm) provided by [11]. 
 











4.46 1.12 4.05 0.41 0.71 
 
4. Simulation scenarios and discussion 
For the unit cell structures presented in figure 2, a Schottky contact at Ag-Si emitter interface is assumed with the 
theoretical barrier height estimated in table 2. Figure 3 compares the simulated IV curves with the experimental 
measurements for n+ and p+ emitters contacted with an Ag paste.  
Fig. 3. Comparison between experimental and simulated I-V curves considering theoretical barrier heights from Table 2. 
 
From figure 3, a Schottky contact with values of Ag work function from literature and estimated theoretical 
barrier height agrees with the experimental IV data for n+ emitters. However, the same simulation on p+ emitters 
widely disagrees with the experimental IV data. The high ϕBp (~ 0.71 eV) between p+ emitter and Ag is accounted 
for this behavior compared to the low ϕBn (~0.41 eV) formed between n+ emitter and Ag.  
Several simulations were performed considering various ϕB values at the Ag-Si emitter interface for a Schottky 
contact and various contact resistance values for an Ohmic contact. The net loss in FF due to ρc (pFF-FFcontact) is 
then evaluated. Figure 4 summarizes the results of the above simulation scenarios. The pFF-FFcontact values for 
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Fig. 4. Calculated pFF-FFcontact losses for various barrier heights for a Schottky contact and various contact resistance vales for an Ohmic 
contact plotted with the experimental data from table 1 
 
As observed in figure 4, for a Schottky contact with a given ϕB, the net FF-FFcontact loss is higher for p+ emitter 
than for n+ emitter. The corresponding ϕBp needed to explain the experimental pFF-FFcontact loss of Ag on p+ emitter 
is 0.52 eV. Simulated IV curve for a ϕBp of 0.52 eV is compared with experimental IV curves for a p+ emitter 
contacted with an Ag paste or an AgAl paste. The obtained results are shown in figure 5. The simulated IV curve for 
ϕBp of 0.52 eV also fails to fit the experimental IV curve of a p+ emitter contacted with Ag paste. The experimental 
results shown in figure 5 were then compared with simulated IV curves for a Schottky contact with a ϕBp of 0.37 eV 
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Fig. 5. Simulated IV’s for Schottky contacts with ϕBp = 0.52 eV and lower and for Ohmic contacts with 4 and 100 mΩcm2 compared with 
experimental measurements of p+ emitter contacted with an Ag or AgAl paste. 
Figure 5 clearly shows that assuming only a Schottky contact at metal-p+ emitter interface, in order to explain the 
high contact resistance observed experimentally using an Ag paste, the model fails to estimate simultaneously VOC 
and FF of the cell. Modeling Ag-p+ emitter interface using an Ohmic contact with a high contact resistance agrees 
better with the experimental IV data. Thus, the current transport mechanism could be dominated by a combined 
Schottky contact with low barrier height and high contact resistance, possibly caused by tunneling via thin interface 
glass layer. However, the model, in its present stage, does not explore this mechanism of current transport. 
5. Conclusion 
In this paper we present a 2D simulation study considering a Schottky or an Ohmic contact at the metal-Si emitter 
interface. The results were compared with experimental IV data of cells with screen printed metal contacts on Si-
emitters. From the modeling of Si-emitters contacted by a screen printed Ag paste, a Schottky contact assuming 
literature value for Ag work function agrees with the experimental IV data for n+ emitters, but does not agree for the 
p+ emitters. For a given barrier height, contacting p+ emitters show considerably larger loss in FF than n+ emitters. 
Assuming only a Schottky contact at metal-p+ emitter interface, the model fails to estimate simultaneously VOC and 
FF of the cells contacted by an Ag paste. Thus, the current transport mechanism at Ag-p+ emitter interface may not 
be dominated by direct metal-Si contact through Ag-crystallites imprints but, possibly, by tunneling through a thin 
interface glass layer that resulted ( in this case) in high contact resistance as observed experimentally. Therefore 
modeling Ag-p+ emitter interface using an Ohmic contact with a high contact resistance agrees better with the 
experimental IV data. 
Acknowledgements 
The authors would like to thank Christoph Peter for providing the experimental data for p-type cells. This work 
has been financially supported by the German government (BMU) in the project METALTOPP FKZ 0325569B. 
114   Lejo J. Koduvelikulathu et al. /  Energy Procedia  55 ( 2014 )  107 – 114 
References 
[1] T. Saga, “Advances in crystalline silicon solar cell technology for industrial mass production”, NPG Asia Materials, 2, 96-102 (2010). 
[2] J. F Nijs, et.al. “Advanced manufacturing techniques for crystalline silicon solar cells”, IEEE Transactions on electronic devices, 46, 1948-
1969 (1999). 
[3] A. Edler et.al. “Metallization‒induced recombination losses of bifacial silicon solar cells”, Prog. Photovolt: Res. Appl, doi: 10.1002/pip.2479. 
[4] C. Ballif, et.al. "Silver thick-film contacts on highly doped n -type silicon emitters: structural and electronic properties of the interface", 
Applied Physics Letters, 82 ,1878 (2003). 
[5] M. Hilali, A. Rohatgi and  S. Asher, "Development of screen-printed silicon solar cells with high fill factors on 100 Ω/sq emitters", IEEE 
Transactions on Electronic Devices, 51, 948-955 (2004). 
[6] E. Cabrera et al. "Experimental evidence of direct contact formation for the current transport in silver thick film metallized silicon emitters", 
Journal of Applied Physics, 110, 114511 (2011). 
[7] G. Schubert, "Thick film metallization of crystalline silicon solar cells:mechanism, models and applications", Ph.d dissertation (2006). 
[8] Z. G. Li, L. Liang and L.K. Cheng, "Electron microscopy study of front-side Ag contacts in crystalline silicon solar cells", Journal of Applied 
Physics, 105, 066102 (2009).  
[9] L.J. Koduvelikulathu et.al. “Metallization induced recombinative losses in screen printed solar cell: 2D modelling compared with 
experiments”, Proc. 28th EU-PVSEC poster,(2013). 
[10] S. M. Sze, “Physics of semiconductor devices”, Wiley (1981).  
[11] M. Chelvayohan and C.H.B Mee, "Work function  measurement on (110), (100) and (111) surfaces of silver", Journal of Physics C: Solid 
State Phyics, 15, 2305 (1982). 
[12] SILVACO TCAD ATLAS, www.silvaco.com. 
